PRELIMIINARY CONSIDERATIONS I SHALL be dealing with the results of various experiments tindertaken between 1941 and 1944, some of which, having been temporarily abandoned, have not previously been described. During this period, for obvious reasons, we were obliged to reduice the size of our experimental animals: rabbits, formerly in general use, had to be replaced by mice. This reduction in the size of the subject necessitated a modification of the means emploved. In order to adapt the power uLsed to the muLch lower penetration required when dealing with these very small animals, soft rays which, indeed, tturned out to be suitable for manv other reasons-had to be used.
I propose to describe successively lesions caused by (a) K radiation of molybdenum: (b) ultraviolet rays; (c) L radiation of silver.
(a) Irradiation by K Radiation of Molybdenuiim.
The folloving experiments, undertaken in collaboration with A. Chamorro, were intended to establish the dose required to induce total sterilization of the ovaries in mice. resulting in complete cessation of cyclic vaginal activity and sexual activity.' Female mice two months old were treated with unfiltered rays from a molvbdenutm anode-effective wave-length 0 95 A. With a tension of 35 kV., an intensity of 15 mA., and a focal distance of 12 cm., a dose of 3,000 r per minuLte was measured on the surface of the skin. The mice, anaesthetized with ether, were fixed, ventral surface downwvards, on a board. Their bodies were protected by sheets of lead, having perforations in the lumbar region 1 cm. square, each of which corresponded to the site of an ovary.
In this way four groups of mice received respective doses of 3,000, 4,500, 6,000 and 9,000 r in the ovarian region. Two of the 6,000 r groLup and all the 9,000 r group died less than six weeks later as a result of the experimeW. I shall not refer to the purely physiological changes observed in the survivors; I shall briefly indicate the effects of the treatment on the cutaneous tissues, and describe in greater detail the histological changes occurring in some cases in the ovaries and kidnevs.
(I) Cuttanieouis reactions. The onlv phenomenon wvhich called for notice on examining the skin duLring the weeks following irradiation was the loss of hair over the area exlposed to the rays. This occurred on approximately the same date-abouLt the twentieth dav regardless of the dose. In no case was there any sign of ulceration. There was a sparse growth of new hair in the case of animals receiving (ldses of 3.000 and 4,500 r, and anl extremely feeble scattered grow th in those receiving 6,000 r. The depilation remained quite obvious. It was sometimes accompanied, in the case of strong doses, by slight 'In the series of results published by Parkes, and by Brambell and Parkes (Proc. Roy. Soc. B, 1927-28) this "Roentgen castration," achieved long before in the case of rabbits, was not attained.
sclerosis of the cellular-fatty tissue, and even by a slight degree of atrophy of the cutaneous muscle.
(2) Total sterilizationl of the ovary. The result which we were out to attain was realized in only a small proportion of cases. Eleven mice survived for more than three months. In only three of these cases two irradizted with 4,500 and one witlh 6,000 rwas there total atrophy of both ovaries, and consequentlv of the horns of the uterus and the mammary organs, as well as permanent mucification of the vaginal epithelium.
In all, out of a total of sixteen mice the eleven already referred to and five others which survived long enough to make a histological examination of the ovaries worth while-two onlv, after a dose of 3,000 r, showed total atrophy, and then of only one gland ( fig. 1) .
These results seem to show that the chief difficulty in such experiments is to locate the ovaries exactly. In attempting to confine the irradiation to a ve.v restricted field, so as to avoid too heavy a mortality, we rarely succeeded in administering the precisc dose required to both ovaries, either because our calculation of the site for irradiation was originallv incorrect, or because the subject moved during the course of the expeliment.
One proof of this is that three mice were subsequently found to be gravid; in two cases, killed before expulsion, the foetuses were found to occupy only one horn of the uteruLs.
Nevertheless, the results so far obtained are sufficient to show that from 3,000 r upwards it is possible to induce total sterilization of the mouse ovary, together with the cessation of all physiological activity in other words, complete castration.
Histological exanmination. The study by successive sections of an ovary sterilized by a dose of 3,000 r, undertaken sixty-four davs later, showed considerable atrophy of the organ, which was reduced to a little tongue about a millimetre long by half a millimetre wide, resting on a muscular plane, the medullary surface serving as a hilum, and covered on the other surface and on the edges by the ovarian epithelium, which had not suffered the same retrogression as the rest of the organ, its cells being more closely knit and higher, and definitely prismatic or cylindrical in shape (fig. 2 ). The parenchyma showed (a) a cortical substance, consisting of a much reduced stroma of small cells, the nucleus highly chromatic, displaying a wheelspoke formation, indicating the presence of atrophied interstitial cells; (b) a vascular-connective medullary substance. Not an intact follicle of any kind, no ovocvtes, no anovular formations, no tubular invagination of the epithelium was found. On the other hand, the parenchyma was riddled, as far as the medullary zone, with cavities, apparently of a cystic nature, containing structLireless debris, strongly acid-fast, sometimes resembling a more or less wrinkled membrane: these were the remains, as yet unabsorbed, of large follicles which had degenerated as a result of the irradiation.
A similar histological examination was made of three ovaries, irradiated with 3,000 or 4,500 r, and opened from 106 to 149 days later. They presented the same appearance.
Therc was some diminution in the number of recognizable interstitial cells; there still remained a large numbeqr of cavities indicating degenerated large follicles. There was no sign of repair or regeneration originating in the ovarian epithelium.
Finally, the ovaries of a mouse which had survived and remained sterile for 583 days after irradiation with 6,000 r showed an extreme degree of atrophy. Only the ovarian epithelium retained its characteristics. The internal structure of the organ was unrecognizable; cortical and medullary substance were indistinguishable; all traces of interstitial cells had disappeared. Moreover, there was now no trace of the cystic remains of the old unruptured follicles. The stump of the vascular-connective process showed what appeared to be several macrophages, containing a little pigment ( fig. 3 ).
(3) Atrophic lesions of the kidney.-Our attention was attracted by a curious radiolesion, which, as far as I know, has not previously been described, and which sensibly modifies the classical theorv as to the sensitivitv of the kidney to irradiation. Possibly it may have escaped notice owing to the fact that it takes some time to establish itself.
It was observed only in mice which had survived for longer than 300 days. There were four of these, three having received 3,000 and the fourth 6,000 r. All four presented the same changes.
It must be remembered that the ovary of the mouse is related to the inferior pole of the kidney; its irradiation accordingly involves a more or less important segment of the latter organ. On examining the bodv of a mouse irradiated only 340 days earlier, there was a marked deformation of the right kidnev, which had become pear-shaped as a result of the atrophy of its lower half. In three other cases, where the subjects had survived for 570, 583 and 616 davs respectively, the lesion was bilateral, being more marked sometimes on the right, sometimes on the left. 13 607 A histological examination showed an unexpected feature of the area affected bv the rays. The lesion did not involve the whole thickness of the organ, but decreased progressively. From the dorsal surface, where the rays had entered, it extended to a greater or lesser degree, actuallv, in some cases, reducing the transverse diameter of the kidnevwhich, in an adult mouse, is about five or six millimetres by more than half. Under the thickened capsule were found, first a mass of malpighian bodies, almost in a state of fusion, among which all trace of the convoluted tubules had vanished. These corpuscles were in three, six or eight layers, according to the depth of the penetration. Nevertheless, among those which lay deepest the debris of uriniferous tubules could be seen:-isolated epithelial cells, or masses consisting of a few cells or hyaline casts even tubules which had escaped necrosis sufficiently to be still recognizable as such. On the frontier between the lesion and the healthy renal parenchyma there was a definite and organized infiltration of leucocytes, sometimes forming quite a mass of lymphatic tissue surrounding the vessels.
But what is even more remarkable is the appearance of the malpighian bodies themselves. Whereas ,the epithelial covering of the uriniferous tubules wvas completelv destroyed, the glomeruli were not affected and, as a rule, appeared to be intact. They were certainlv still capable of functioning, for the capillaries contained red corpuscles, and the cavity was full of an acellular liquid, possibly slightly albuminous, since there was sometimes a little coaguluim. But as this infiltrating liquid could find no way of escape, it distended the capsule, now reduced to a thin connective membrane. Each corpuscular cavity was thus dilated until its volume was at least doubled; the glomerular tuft being pushed back towards the vascular pole. In this state the irradiated area assumed somewhat the appearance of a polycystic kidney ( fig. 4 ).
It would be interesting to establish, bv experiments undertaken at an earlier stage. the successive stages of such lesions. This was not done. But the results described prov,ide a conclusive argument in the age-long controversy as to whether parenchymatous lesions are the cause or the result of changes in the vessels. The uriniferous tubules here revealed quite clearlv the extreme sensitivity to irradiation of the epithelial cells, presenting a remarkable contrast with the apparent integrity of the vascular formations.
(b) Irradiationz with Ultraviolet Rays. The various experiments nouv to be described were the subject of papers published by Lacassagne and Latarjet, in 1943 and 1945. 1 They allowed us to study the effects upon the skin, going as far as almost complete necrosis in newborn mice, onlv partial in adults. produced by strong doses of ultraviolet rays; and to note the process of repair.
The skin was irradiated in the dorso-lumbar region. The mice vere protected from heat, and enclosed in a sleeve with an opening defining the required section of skin, usually bald, in newborn mice, and epilated a week earlier in adults. We used the total radiation of a Philips' Biosol mercury vapour lamp, calibrated in finsens per minute, 103-5 volts; 7 75 amperes, giving 300 f per minute. In these conditions we found that in mice one or two days old, the threshold value for erythema vas 200 f, for true erythema 600 f, for desquamation 800 f; exudative epidermatitis was reached at 1,000 f, and necrotic dermatitis at 1,500 f, 90,000 ergs per square millimetre.
Let me describe the effect of this dose of 1,500 f upon an area measuring 6 by 5 millimetres in newborn mice, or 1 square centimetre in the adults.
(1) In newborn nice the irradiation in these conditions provokes, in the hours following administration, an enormous reaction produicinig ocdema extending beyond the irradiated area, and accompanied by intense erythema lasting for five or six days. Then the affected area dries up and becomes covered with a scab, which separates after a week, revealing an epidermis, bald at first, but quite shortly to be sprinkled with scattered hairs.
Microscopical examination of the lesion thtus produced in the skin of mice a dav or two old reveals two things. First there is a rapid local necrosis involving every variety of cell.
Secondly, this destruction is not deep-seated, but penetrates only to about 159 . Now in the case of these small immature animals the affected area includes the whole of the epidermis and the entire dermis, with the bulbs of the developing hair follicles it. I need not describe the cvtolvsis which mav be observed bv the end of the first twenty-fouLr houirs, and attacks simultaneouLslV the epithelial cells of the epidermis and its invaginations, the endotheliumn of the capillaries and the connective cells of the dermnis ( fig. 5 ).
On the other hand, the process of repair is equLallv earlv and lively. As early as the third day, a layer of epithelial cells begins to migrate from the edges of the peripheral epidermis, producing a wedge-shaped penetration into the deadl tissuLe; in the sanme wav. from the fourth day onwards, mobile connective elements and new capillaries penetrate the dermis from all sides, and from the whole depth of the cutaneouLs muLscle. Bv the seventh day, a new epidermis has grown under the disc of dead tissue which is about to separate in the form of a scab.
Moreover, in mice onlv a few days old, the healed epidermis retains the power to regenerate the sebaceous glands of the hair follicles. It develops on its deep sturface buds which penetrate the dermis. But at this point most of them find themselves ulp against thick scar tissue, and so degenerate. Only a small proportion succeed in reaching the vascular plane formed under the cutaneous musclec and so become differentiated ats sebaceous glands and hair follicles. This explains wvhv the area once irradiated remains clearly rccognizable, bearing only a fewv scattered hairs, and showing a slight depression owing to loss of substance and the atrophy suffered by the dermis (fig. 6 ).
(2) In the aduilt mozuse. As far as the absorption of the ravs is concerned, the result seems to be identical with that in the newb )rn mouse. Nccrosis is rapid, anti attains the same depth of approximatelv 150 1. But the much thicker skin of the aduLlt mouse means that the rays work in different conditions, and so necrosis attacks onlv the epidermis and that part of the dermis immediately underlving it. ConsequLentlv, the sebaceous hair follicles suffer a kind of necrotic amputation below the neck, and only the upper half is destroyed ( fig. 7) .
As a result, the process of regeneration of the epidermis, which here also starts very earlv, is effected not onlv from the edges of the irradiated area, but also from the healthv stump of the epidermic sheaths of the hair. There is no formation of new follicles, but the preservation of a certain ntumber of old ones-though mainv degenerate as a result of the sclerosis of the dermis in which they are rooted. Finallv, after about twelve days, there is a cicatrix recognizable as a very slightly atrophied zone, sparselv sown with hair, closely resembling what I have described in th; case of the newborn mice, but resulting from a somewvhat different repair process.
(c) Irradiationz with L Radiationi of Silver.
The experiments conducted with the collaboration of R. Latarjet, have not previouslv been the subject of a communication. They were all concerned with newborn mice. We set ourselves to discover the dose req uired in order to produce a destruction of the epidermis equal to that described above, anid to compare the histolvtic process and that of repair in the case of ultiaviolet rays and X-rays.
We used a silver anode tube, functioning at 4,500 volts and 50 milliamperes. The distance betwveen the window of the tube and the skin was not more than 1 mm. The rays were filtered by 15 1 of aluminium which gave a wavelength of abouit 4`In these conditions the absorption of the rays at variotus depths, according to measuLrements made by my collaborators Frilley and Latarjet, was 50O% at 15 ,, 60'Y, at 30 Iu, 670% at 50 ,A and 75 0' at 120 ,u. ThuLs, with irradiation of different wave-lengths, we approximated closely to the limits of penetration previously observed when irradiating the skin of the mouse wvith ultraviolet rays.
Our first experiment was designed to establish the dose administered to the skin of the dorso-lumbar region, r2quired to produtce a lesion macroscopicallv comparable with that obtained wvith 1,500 f of ultraviolet rays. Eight young mice from the same litter -were each given an increasing dose with a minimum of 44 and a maximum of 2,680 ergs per square millimetre. The suLccessive reactions were noted, and it was apparent that the scabby ulceration obtained after the administration of 500 ergs gave place, once the scab had separated, to a partially hairless zone analogous to that described above in connection with irradiation bv uiltraviolet ravs This dose was administered to eleven voung mice from two litters Nwhich were killed after intervals of from three hours to nineteen davs in order to provide material for thfs histological study of the establishment of the lesion and its repair.
The reactions apparent on direct examination of the skin of the living animal vere much less rapid and severe than those caused by ultraviolet rays. There wvas ervthema oii the third day, followed by pigmentation. On the eighth day, the irradiated area, still hairless, was the site of severe desquamation followed by superficial ulceration forming a scab on about the twelfth day, which separated on the sixteenth day exposing a red, smooth and hairless epidermis. The regrowth of hair began on the thirtieth day.
Nevertheless, histological study showed that cellular changes, although they began to declare themselves very early, affected only certain elements extremely sensitive to radiation. After twenty-four hours, this selective action of the rays was confined to the invaginations of the epidermis which were to constitute the hair follicles. Many of these cells already showed signs of advanced degeneration, whereas the epidermis, properly so-called, manifested no more than a simple cellular swelling and the disappearance of mitoses, and the dermis showed no reaction of the connective tissues. On the third day the epithelial lesions had become considerable; there was partial destruction of the follicle buds; the cells of the covering epidermis showed many anomalies and a general maturation of its elements gave the appearance of hyperkeratosis. Nevertheless there was no oedema of the connective tissue, simply a little diapedesis of leucocytes round the capillaries (fig. 8 ). The cornification of the whole epidermis and the degeneration of the follicular buds were very advanced on the fifth day, whereas there was only a slight infiltration of leucocytes in the immediately underlying dermis, and the deep layers were apparently unaffected. On the ninth day the progressive degeneration of the whole epidermis was complete; those parts which had cornified formed a scab beneath which a fresh layer of epidermis was beginning to creep in from the edges of the ulcerated area. There was marked inflammation of the dermis, with a strong infiltration of leucocytes, but no degeneration of the fixed cells ( fig. 9 ). On the eleventh day, under the scab just about to separate, a thin, smooth epidermis had formed, which showed a few sparse invaginations. This description of the histological process of degeneration of the epidermis by selective action on the cells of the germinative process agrees with the well-known account of epidermitis due to irradiation published by Regaud and Nogier; it is typical of the ,effects of X-rays in the shorter wave-lengths. On the other hand it differs completely from the diffuse necrosis of the epidermis caused by ultraviolet rays.
It might be supposed that this difference was due to the considerable inequality of energy applied in the two groups 'of experiments-9,000 ergs per square millimetre in the case of ultraviolet rays as against 500 for L radiations of silver,1 in spite of the fact that these two doses resulted in an equal degree of macroscopic destruction.
Since in our search for the histological picture of skin lesions which should be comparable in one and the other of two types of radiation of different wave-lengths, an increase in the dose of X-rays would have been impossible, as it would have meant impossibly lengthy irradiation, the dose of ultraviolet rays had to be reduced. Histological lesionis produced by doses of 500 to 1,500 finsens. Ten young mice from two litters of the same stock, two days old, were irradiated with a dose starting at 500 finsens, or 30,000 ergs per square millimetre, and increasing at each administration by 100 finsens. All the animals were killed three days later, just when the epidermic lesions would present their most characteristic appearance.
Even with a dose of 500 f, which, as mentioned above, caused only slight erythema, with no more serious desquamation than was found in the rest of the skin, and no loss of hair, the histological lesions were already obvious. But, unlike those caused bv a dtose of 1,500 f, they involved only a shallow depth of cells.
First, there was a squamous layer, thicker than the neighbouring integument, partly detached, and separated from the epidermis by a space containing a certain number of leucocytes, which had reached it by diapedesis through the remains of the epidermis, w.hich, in fact, was not whollv destroyed. Here we recognized a picture resembling that described above in connexion with irradiation by 1,500 f of the thicker skin of the adult mouse: a continuous epidermis, forming a unicellular film in some parts, multistratified in others, including between the layers the follicular invaginations whose cellular elements were not attacked. The changes in the dermis consisted simply in the mobilization of the leucocytes; beneath the epidermis we found only a small number of cells which had undergone cytolysis (connective cells or leucocytes?). But there was obvious dilatation of the capillaries, the endothelium of which appeared to be intact; and there was a characteristic cedematous condition of the loose cellular tissue "It is important to remember that comparison of the results of irradiation by X-rays and ultraviolet rays on isolated cells (bacteria or ferments) has established that the same degree of lesion is obtained from the absorption of 200 times Jess energy in tie case of X-rays than in that of ultraviolet rays (Latarjet, Ann. Inst. Pasteur (1943), 69, 205). under the cutaneous layer. Moreover, the whole irradiated area was retarded in growth compared with the neighbouring areas. The dermis was thinner and the hair thinner and more sparse ( fig. 10 ).
Here again there were none of the characteristics of an X-ray lesion of the epidermis, nor were there any after stronger doses; in fact, all that happened was that as the dose was increased the extension in depth of the diffuse necrosis increased in proportion. At 1,000 and 1,200 f this reached in the dermis about half the space between the epidermis and the cutaneous muscle.
We are thus forced to conclude that the destruction of the epidermis by ultraviolet rays and by X-rays is attained by two distinct histological processes. With ultraviolet rays there is n;o sign of selective radiosensitivity, but a kind of "all or nothing" effect, with necrosis of the cellular layers one after another, according as the increased dose achieves the threshold value for cell destruction at greater and greater depth. X-rays, on the other hand, act selectively on the cells of the germinative layers of all the epithelial tissue, including the deep invaginations of the growing follicles.
SUMMARY
In conclusion, irradiation of a limited area of the dorsal lumbar region in mice was carried out with three types of radiation of different wave-lengths: K radiation of molybdenum, L radiation of silver and ultraviolet rays. Naturally deep-seated histological lesions, apart from those of the skin, were observed only in the first case.
(1) With a dose of K radiation of molybdenum, 3,000 r on the surface of the skin (corresponding to an incident energy of 760 ergs per square mm.) the only effect produced on the skin of the adult mouse is a clearly defined loss of hair, effected by selection, without ulceration of any kind. On the other hand, the ovary and parts of the kidney, situated about 5 mm. below the surface, are clearly and seriously affected.
There is complete sterilization of the ovary and destruction of the uriniferous tubules, the glomeruli being unaffected. The fact that the intensity of the rays at a depth of 4 mm. is only about 25 % of that on the surface makes it very clear that the epithelial tissues of the ovary and kidney are far more sensitive to irradiation than those of the epidermis.
(2) With L radiation of silver, a dose producing an incident energy of 500 ergs per square mm. applied to the skin of a newborn mouse causes destruction of the epidermis by a histological process of selective radio-epidermitis. The effect on the skin is thus much more severe than that caused by a stronger dose of K radiation of molybdenum. This difference is easily explained by the fact that the absorption of the rays by the skin is proportionately much higher in the case of the longer wave-length.
(3) Two radiations of different wave-lengths-L radiation of silver and ultraviolet rays-absorbed in depth in comparable proportions-both cause destruction of the skin of the newborn mouse, but the histological process in the two cases is totally different.
